According to the character of CT image, surface porosity and voxel porosity are defined from pixel and voxel scale respectively. Digital Terrain Model (DTM) method is applied to calculate the surface porosity, and the method of voxel porosity is also presented based on Industrial CT grey image. With proposed methods, CT images of coal under different uniaxial loading are analyzed, and the relation curves between two kinds of porosity and stress separately are shown. All of these porosities reflect inner damage of coal. The surface porosity shows the pore with pixel scale, and voxel porosity denotes the pore inner pixel. The voxel porosity reflects the character of CT image better.
Introduction
Computer tomography (CT) is a new experiment technique of coal mechanics investigation, and it has incomeparable advantages in rock nondestructive detection and real-time detection of crack in rocks under different loading conditions. Frederik [1] present method to quantify characterization of coal by means of micro-focal Xray computed micro-tomography and color image analysis. Karacan [2] investigated and evaluated the adsorption and gas transport in coal microstructure by quantitative X-ray CT imaging. Mazumder [3] analyzed cleat spacing and cleat aperture in coal samples by CT. Yang Gengshe [4] identified coal damage characteristics through CT, given damage variable formula based on CT number. Yin Guangzhi [5] analysed CT number and variance data of coal rock materials, and obtained coal damage evolution law of different stress stages under uniaxial loading condition, providing a basis for the investigating occurrence and development of micro cracks from the meso scale. Yao [6] studied pores' characteristics in different coals by μCT.
Lemaitre [7] has pointed out that "scale" problems of both material damage and damage identification are two key problems in damage mechanics, Yang Gengshe [8] pointed out that CT recognition can meet the requirement of damage identification scale.
According to CT image characteristics, the damage can be analyzed from the two scales: pixel scale (Pixel) and voxel scale (Voxel, 1 Voxel = 1 Pixel × 1 Pixel × Slice thickness). Though the two kinds of scales have their own characteristics, these is certain relationship between them. There is little literature to tell the difference between the two scales. In this paper, damage variable calculation methods are analyzed based on the two scales, and internal porosity of coal in different stages is analyzed quantitatively under uniaxial loading conditions.
Materials and Methods

Coal Sample
The coal samples from Datong in Shanxi Province, that consisted of 92% non-crystalline, 3.7% clay minerals, 2.7% boehmite, and 1.6% gibbsite, were used in these experiments. These samples were taken at depth of 395 m below the surface.
With mercury intrusion method, the porosity and the pore distribution of three coal samples were obtained. The results are shown in Table 1 . The average porosity of sample is 13.31%, and the proportion of pore with diameter over 1000 nm is near 70%. These pores includes micro-crack and gas pore, the Figure 1 shows the microstructure images with Scanning Electron Microscopy (SEM). Gas pore
Micro-crack 
CT Scanning
The CT scanning device used in these experiments is ACTIS 300-320/225 Industrial CT which is made by BIR Company. The principle of CT scanning is shown in Figure 2 . The X-ray passes through the specimen, and the attenuation of signal is received by the detector. The specimen rotates 360 degrees while scanned, and with each angle the detector obtains corresponding signal, finally, image reconstruction is made by mathematical transformation using all angles' signal. X-rays is cone beam with a certain width, and the images obtained of every layer have a certain scanning thickness. Therefore, every image reflects average value of linear attenuation coefficient inside the material with a certain thickness. The pixel with certain thickness is called voxel. The linear attenuation coefficient of a sample composed by several materials, regardless of whether it is a compound, mixture or solid solution, has no relationship with material aggregation, and is equal to sum of linear attenuation coefficient of different components contained in the material multiplied by mass percentage of the same ingredient in the sample. Usually, it is difficult to measure the material's attenuation coefficient directly, and CT number is used to quantitatively describe the attenuation. With reference to a certain proportion, the CT number can be converted into grey value, which is shown as CT image. The material linear attenuation coefficient has approximate linear relationship with the density of the material, so CT image approximately reflects the changes of material density [9] in our experiment, the CT image is 16-bit grey image, and the image size is 1024 × 1024 (Pixels).
Experiment Procedure
The coal sample was made into the specimens with size of Ф 25 × 50 mm. Strain gauge was stuck on the middle of specimens along the axial direction to measure the strain value during loading. The experiment setup is shown as Figure 3 
(a). Figure 3(b)
is the loading cell into which the sample was put. During scanning, both end faces are compressed by loading along the sample axis, which is shown in Figure 3 (c).
When the initial preparation and calibration procedures required by the CT scan equipment had been completed, the loading cell with sample was placed on the vertical turntable, the doors of protection room were closed and the testing commenced. X-rays were generated at 200 kV and 250 μA. During every loading step, three sections were scanned. The scanning positions are shown in the Figure 3 
Results
CT Image of Coal Sample
A slice grey image of coal sample is presented in Figure  4 (a). The zones of low X-ray attenuation (generally low density) are lower in grey value than zones of high X-ray attenuation (generally high density). Hence, the cracks and pores show as darker shades than do zones that contain both coal particles and pore. The white zones are in high grey value, which contain the other minerals with high density. The Grey histogram of the slice is showed in Figure  4 (b). The histogram has only single wave crest, from which it is difficult to distinguish the crack zones from the other zones. On the other hand, there should be a lot of micro-cracks in each voxel according to the mercury intrusion testing. For these micro-cracks or micro-pores, the CT cannot distinguish them with limited resolution. But the quantities of micro-cracks or micro-pores in voxel will influence the grey value of the voxel, we can acquire the porosity of every voxel from grey value. So in CT image, there are two kinds of crack or pore, one is large crack or pore which can be distinguished by CT equipment, and the other is micro-crack or micro-pore which is too small to be observed.
Based on the coal CT image features, we can define two types of porosity. One type of porosity, called surface porosity, is defined to describe the variant of large crack or pore, and the other type of porosity, called voxel porosity, is defined to describe the variant of micro-crack or micro-pore. How to calculate these two types of porosity is presented as following.
Surface Porosity Calculation Method
To calculate the surface porosity, thresholding techniques to segment the images are often used. Many automatic thresholding techniques are efficient when the grey level histogram is bi or multimodal but not in the case of unimodal. More sophisticated methods have been developed. In porous rock media, the geometry of cracks or pores space is more complex and irregular, therefore the segmentation is more complicated. Taud [10] curve, and then,   l  increases almost equally reflecting the effect of few high isolated points. The porosity estimation corresponds to the minimum of the   l  distribution. In the Figure 5 , the value of the minimum point A is the porosity.
This method was applied to calculate the surface porosity of three scanning position of the specimen under different loading steps, and the relation curve between surface porosity and stress is shown in Figure 6 . The Stress-strain curve is also shown. The curve clearly reflects three stages of internal damage in the sample, the first stage (a-b, compression phase), in which the specimen was compressed with surface porosity decreasing; the second stage (b-c, elastic phase), in which the strain increased approximately in linear, and the specimen produced elastic deformation with little change of surface porosity; the third stage (c-d, damage phase ), in which the strain grew fast, many tiny crack were produced, expanded rapidly, and the porosity dramatically increased.
There are four images in Figure 7 which respectively correspond to stress states of four points a, b, c, d in Figure 6 . Figure 7(c) shows that tiny cracks have appeared in the coal sample. From b to c, with tiny cracks appearing, the average change of surface porosity in three layers is 0.64%. From point c to point d, the average porosity change is 2.00%. 
Damage Quantitative Calculation in Voxel Scale
Coal sample is composed of coal matrix, micro pore (filled with air) and impurity (mineral). A voxel of CT image is taken as the research object, in which there are coal matrix, pore and mineral. α 0 is defined as pore percentage of each voxel at the initial state. For sake of discriminating from surface porosity, the porosity inside a voxel is called voxel porosity. H is average CT number of the coal matrix, α i , H i are respectively average CT numbers of voxel porosity and matrix at i scanning state, the following relation is obtained [11] :
H is the CT number of air.
By the formula (2), the evolution chart of micro-pore change within every voxel can be obtained. In industrial CT, grey image is obtained directly, and grey value has a linear relationship with CT number. If G and G i are respectively used for denoting grey values of CT image for coal matrix and hybrid at i moment, G a denotes the grey value of air, the formula (2) can be rewritten as:
where .
i i
In order to calculate ΔG i , image subtraction operation is needed. But due to the specimen deformation under loading, the position of the same voxel is constantly changing at different stage [12] . If coal matrix without pore is taken as the initial state, the voxel porosity can be obtained directly by the results of (2) or (3). Practically non-porous coal is difficult to obtain. In order to determine grey value of coal matrix, we use water, ethanol, olive oil and glycerin, whose density are known, as the reference samples. The grey values of those samples are obtained in the same conditions with coal sample scanning. The relationship between density and grey value is obtained, and the density of coal matrix is measured by mercury injection method. The coal matrix grey value is acquired by interpolation. (coal matrix and air in the voxel) and α < 20% (coal matrix, minerals and air in the voxel). In Figure 7 , the voxel porosity change in three position are given in different stages. As it can be seen, voxel porosity is clearly divided into three phases with increase of stress. On the compression phase, the number of voxels at the range of 43.00%
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reduces, while the number of voxels with voxel porosity less than 20% increases slightly, which means that coal sample was compressed. In elastic stage, the number of voxels of each range changes in the small scope, with little change. In damage phase, the number of voxels with volume porosity greater than 43% increases rapidly, the number of voxels at the range 43.00%    reduces, and the number of voxels with α < 20% increases slightly, which indicates that some pores in the range of 43.00 ≥ α≥ 20% develop to larger pores than a pixel scale, while some pores are filled, leading to the increase of voxel number with α < 20%.
Discussion
According to the mercury intrusion testing, there are different size pores in the coal. The CT equipment resolution is limited. The pore size should be more than one pixel which could be distinguished by CT equipment. In our experiments, the pores whose size are more than can be distinguished. 29 μm 29 μm  The Surface porosity reflects the number of pore whose size is bigger than one pixel. During compression, 8 the surface porosity increased dramatically until the coal samples were damaged. The pore development cannot be indicated. From the voxel porosity, the porosity in each voxel is calculated, which display porosity development of every voxel. These two porosity calculation methods can be combined to explain the damage process.
In this paper, the intervals of voxel porosity are defined according to the composition and grey value. Analysis of porosity of voxel scale will change with scanning thickness, in theory, when the scanning thickness tends to zero, the voxel is pixel, then both the porosities are consistent. But in fact, the CT scan always has a certain thickness, by reducing thickness, voxel scale analysis preci-
Conclusions
1) In the coal samples, there are different scale pores. The resolution of CT is limited, which can distinguish the pore bigger than one pixel. The CT image reflects density variation of a slice with thickness, and the grey value can indicate the porosity variance within one voxel. The surface porosity is defined for analyzing damage which is larger than a pixel, while voxel porosity can be used for analyzing pore variance inner scanning layer thickness, which can better reflect the characteristics of CT image.
2) The damage in the coal samples under uniaxial loading can be evaluated by surface porosity in pixel scale, and also be calculated by voxel porosity. With the load growing, the variance of two kinds porosity can be divided into 3 phases: compression phase, elastic phase and damage phase. These porosities indicate the damage development from different scale. In this paper quantitative calculation method of porosity for coal sample under different scales is given only, how to combine the two scales reasonably to describe damage propagation of coal rock will be future researched.
